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The range and unity of planetary circulations
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Altering the rotation rate, ohliquity and divrmal period of an Earth-like model atmosphere prodices a wide range of
circilation forms, some af which resemble those observed on Venus, Mars, Jupiter, Sdarurn and ( perhtaps) on Uranps
and Neptune, These unified solutions sugeest: hat Jupiter and Saturn resemble a larger, fastec-spinning Earth and
possess a stress=bearing or momentum-exchanging sublaver, that easterly winds prevaid in Ulranus” summer-hemisphere

chired that Vers resembles a slowly rotating Earth 1f divenal heating variations are inelided

Fiom YVenus to Neptune, the motions of the planctary winds
are being explored and subjected o theoretical analysis and
prediction, Onp Earth, Mars and Jupiter the winds appear 1o
exhibit stmilar arranpements and 10 obey similar laws' " These
affimities stem mainly from the constraints placed on large-scale
motion. by planetpry oo™’ To learn more about the
ifuence of rotation on the structure of the planetary winds
and o determing the range of arculation forms, we evaluate
in this artcle the response of o representative (Earth-like
midel atmosphere o changes in rotation rate, Obliquity amd
diurnal period.

Our numencal expeniments show thilt an Farth-like atmis-
phere, when placed in the rotional configuration of another
plunet, displnys that planet’s form of moton: Jupiter, Uranus
dnd Venos appear 1o behave like mpdly rotating, oblique and
slowly rotating Earths, respectively —despite thermody namtical
and other differentes. This suggests that the hasic meteoralogy
of the Solar System s relatively sinple, unified and Earth-hike.
even though more complex meteorologies are needed for
understanding the finer details of mdwvidual planetary circula.
thons, The solutions thus provide an elementary Indication of
the dynamical laws and processes doting imthe vanoos planetary
ptmospheres,

Modelling

Our stopdard climate simulation model (GCM) integrates the
eguations of atmospheric mtion, thermodynamics and con.
servation of mass and moisture inspace and 1ime, using spectral
transform technigues in the honzontal and finite differencing
in the vertical. For the radiative heating and cooling calcula-
tions, the normal annual-mean distribution of albedo, ozome,
carbon dioxide and cloud cover are desimibed as functions of
latitude and height, while the vanaton of water vapour 5
predicted. The solar declination has its annual-mean values
except when we examine obliquity and diurnal effects; For
peneratity, the GCM has a simplifed far, unifermly mos:
iswamp) surface of zem heat capacaty and excludes all ice-
related processes. Muoist convective adjustment reproscnts
small=scale convection and helps maintain vertical thydrostatic)
stahility, & guadratic drag lew determines the momentum and
heat exchanges at the surface. (Foll particulars of ths GOM
may he Found in refs 6-9.1 Solutions are discussed in terms of
the relative  rotation  rate 0°=0/0.: where [,
7292x 1y "s ' is the present terrestrial valuc. #, denotes
planetary obliguiy

Dependence on rotation rate at equinox

Varving the motabon rate over o wide range of values
{§1* = -8} produces jets of diverse form and scale 0 the model
atmespheres (Fig. 10, The jets are clreumglobal and permanent
in form, exeept at very low rotation rates (0% < 1/64)

The double maximum of the idenlized terrestral zonal flow
stems from the overlapping of the tropical and extratropical
jer al 0% =1 iFg, 1), These two basic jet forms are more

independent and more ohvious at higher rotation rates, because
the barochnie edidies are then smaller amd more lodalized,
Increased rotation rates also make the fropical jets narrower
and the extratropical jets more numerous amd more zonolly
ahgned. At (1° =8, the tropical jet is contred on the equitor
(Fig. 1al.

In general, the mean merdwonal circolations consist of o
direct (Hadlev) cell equatorward of the tropical ¢t core, »
weaker mdirect cell in the polewird part of that jer, and assarted
weaker celly in the extratrapical jets, But at lower rotation rifes
(3% = 1740 the barochimie eddies cease 1o cxast and o Hadley
cell sccupies the while hemusphere (Fig Lg-f1. (The “tropics’
s defined as heing that region influenced by the Hadley circali-
non. It éxtends from the equator o 1537 N when 12 =8 and to
XN when £ = 1/4,)

The equator-to-pale surface temperature difference gen-
crally increases with the rotation rate, from o mingmam ot
" =0 toca maximum value (determined by the radiative egqui-
librium balance) approached at §1° =8, Table 1, A secondary
mimmumnt occurs af 3% = 3/4 when barodlinie eddies peak an
etficiency

Dependence on obliquity at solstice

During salstice, o planet with & 107 obliquity and terrestril
rotation ritte exhebats little latituding] temperature variation, o
motion, in its summer hemisphere (Fig. 2e ), However, when
the ohliquity exceeds 207 the summer pole receives thé greatest
solar heating. resulting in strong  pole-to-pole temperaturye
gradients and extensive easterlies iwith speeds vp 1o 180 ms '
and eddies in the summer hemisphere (Fig, 2u, b, AL # =005,
a strong temperature inversion in the winter hemisphere
excludes eddies from that region. Higher rotation rates reduce
the width and amplitude of all currents and- also reduce 1the
tendency of temperature maxima (o move to higher latitudes
as ahliquity increases (Fig. 24-f) Consequently, the sommer
easterhies intrude less- across the eguator and the flow in the
winter hemisphere retains its equinoctal characteristics) a.pre-
cminent tropical jet and multiple extratropical jets. Interhemi-
sphenic heat transport. by the baroclinic cddics and the mean
mendional arculation, balances radiative eooling o the
unheated winter hemisphere | Tahle 25,

Dependence on diurnal period

The diurnal variation 1n the solar heating plays a fundamental
role in shaping the circulation of an Earth-like planet only a1
low revlation rafes (73" = 1/716)

Tabled Surface temperatures (K at the-eqguatar and pole of the moxdel
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Fig. 1 The mean sonal Now af an Earth-Tike model atmosphese abject i the snmunl-mean heating parametersl at diflerent refative rotutlon

rates, 11°. Similarties may cxist between Jupiter. Satuin, Uranes, Neptune and a—. Easterly winds are shaded! the matn contour interval

it § ma ' and the supplementars one, 2.5 ms | Pressure o wsed as the vertical coordinate Caleulations use a hemiispheric sector, 1200 in
lemgitude. and hotbeontal chomboidal spectral resolutions of 47 waves {or the experiments in @-¢ amd |5 waves for those in /=)
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Fig. 2 The meanzonal flow of an Farth bike model atmosphere = ditterent obhquites 16,0 and relitive rotation rates (§17) Sumilisiies
miy exis betweend Earth, Mo and b, between Urines and o, between Saturn, Nepiyne and ¢ The solar constant bs reduced o0 304 ar |02
it normal vadue when #,=25% or $1° The Sun s permanently o1 the northern hemspheric solstive 1elt side). Easterlivs are shided: the
i contoar inteeval s Hm < apd the supplementury one, S ms | Caloulations vse o global crescent. |17 in longitude, with 2 resolution
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Fig. 3 The mein ponal wind of an Earth-like model atmosphere at two very fow ratation rates, with and without dinrnal ua]rlatmnu in thi
salar heating, Similaritnes may exist with Venus The mam contous mtersal s 5 my | and the supplementary one, 2.5 ms | Calealations
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As the rotation decreases towards these low rates in the
nondiurnal svstem, the axis of the simple tropical (Hadley! jet
that now constitutes the entire ronal fow moves poleward until
w fimmat s reached at 807 latitnde (Fig 140 A1 very low rates
(¥ = 1/32 |,-"!1—-'1]* geostrophy declines and the sonal fow
wiitkens and becomes more camplex (Fig. Ya, b

Introducing divrnal varality into the very slowly ronatng
syntems changes their marrow polar jets mite broad global cur-
eents (Fig, 3¢, d) The equatorial snd subtropical westerly
magima (15 ms 'l produced by the divrnal processes represent
proweriul currents for a planet whose surlace rotates at =7 m
5 " when (¥ =1/64),

When £1% = 1/32, the diurnal processes are wave-like and
modernte: it may then be valid to regard the broad ronal current
s being the resull of the equatorward redstnbution by the
wives) ol momentum inherent in the poldr jet of the nondiurnal
stite " Whien £1* = 1 /64, the diurnal processes are so strong,
anel the nondiurnal jet so weak, that there may be no simple
association between the divensl and nondiurnal ronal flows

Planetary implications

Earth: The hybrd mix of tropical and extratropical jets that
ceeur at £ = 1 gives Farth the most complex of meteorologies,
However, the thermal inertin of the oceans and ice caps reduces
the strong seasonal vanability normally assocated with such
an obligque planet. Only i the summer siratosphere are the
wirm polar temperatures and strong casterlies realized. The
influence of obliguity may have been greater dunng Earth's
ice-free-periods, when 0 and d, were perhaps double their
present value®, and the crculations were as depicted in Figs
T 2

Mars: Despite preat differences in mass and composition, the
martian-and terrestrial atmospheres have similer forms of drou-
lation, Lacking oceans, however, Mars has greater seadonal
vanation and, at salstice, the temperature and velocity distribu-
tinns predicted by a Mars-like GUM™ resemble those given by
oursimpiified Earth model (Fig. 2c 1.

Fig. 4 Latnudmal profiles of the
mean aonal yelocilies of northern
ard southern hemispheres (MNH,
SH) and mpidly rotating Earth-
ltke model atmodpheres. Adapted
From Vovager data’ 'Y aid Trom
Fig. 1, dint 205 mbark: w, Saturn
and model at O"=8; & Jupiter
wnd model ar (1" =4 Scoles wre
arbatriry

Latimude tmedél)

Yenus: Venus zonal arculition consists of a broad reten-
grade current thal vinies almost uniformly with latitude and
step-like with heqght. Velocity maximi occur near the equator
and o midlatitgdes™ " Ths form of circulation s alse
exhibited by our Earth-like model when the rotation s very
slow' and the divenal hear cvele is tncluded (Fig. 3ed), Thus
Venus seems to behave meteorologically like o slowly spinning,
diwrnally heated Earth. The diarnal heating component drves
the quasi-horizontal turbulent exchanges that determine the
form of the ronal wind'' while the nondiurnal heating com-
ponent drives the mendional exchanges that determine the
amplitude of the sonal wind'"”

Il we confine the solar heating moee to the model's strato.
sphere, by inserting @ high level opague cloud, o more camplex
mendional areulation imulbple pole-to-equator cells) nocurs
but the zonal circulation remains basweally unaliered. This sug-
pests thae the high level of heat deposition on Venus plays no
fundameantal rale i determimng the form of the 2onal wind
but 15 vital o the form of the menthonal cleculation. Stronger
winds ogeur for Venus than far the model mainly because of
the greater depth and density of its atmosphere'”

dupiter: Both Jupiter and the Earth-like GOM i when (1% =4
have circulations consasting of @ pre-eminent tropical jet and
miltsple, highly zonal extratropical jets and assorted eddy fields
(Fig 4h)_1f Jupiter does indeed resemblea larger, faster spinning
Farth in its meteorclogy’, then we predict that easterly trade
winds occur in the lower tropical atmosphere and that Hadley
and dgenstrophic meridional croulations suppornt the cloud
band constreents.

Tropical jets cannot exist if the surface momentum exchange
idrag) 5 excluded, so Jupter must have a stress-bearing or
momentum exchanging sublaver of some sort to be Earth-like
in 1ts tropical meteorology. The sublayer necded for tropical
jet [ormation may not be uniform. Solitary topographic bumps
Irepresenting magnetic loops. rafts, lcebergs, mouniains or
whatever)'™ inserted imto the anticvclonic shear zopes of the
analogue creulations pridduce a long-lived anticvelonlc vortes;

ol ]
Fig. 5  The wngular vartes resem-
Bling the Greit Red Spot is pro-
duved by @ topographic surfsce
anermidy i a rapidly eotaring | 11* = 50" 4

4} Earth-like model atmmsphere
The 1-km high ‘moustain s
conired near the latitude 1535 of
perty omean Aow in @ ped-
straphic, anticyclonic-shear sonel 10
and st 0 lappitude. Contaars ol
the 500-mbar geopotential surlace
i streamfunction) are pletied at
intervals of 1560 mowith shading for
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Table 2 Surfuce temperatures (K at summer and winter poles of the
mide! atmosphere as a function of ghligquity and relative rotation rate

" 1 i I 4 4 4

He Hr oy W Hr F oy Qi
T, Summier pole MWr o 3 30 G o 3w
7, Winter pirlo 220 (F-] 1540 210 1 80 110

Reduced salor constants (Fig: 20 prevent the remperatores from
exceeding 125 Koat the simmer pole

together with a stagnant wake, # current reversal and secondary
vorrtices (Fig, Sh This flow arrangement resembles that of the
Girear Red Spot {GRS). Topographic vortices of GRS scale are
highly stable because they obey the planetary gedstrophic
{Burger) equations which, m contrast 1o the more familine
quasi-geosirophic equations, i not admil dispersive linear-
wive solutions [(Willinms, G PP and Pacanowski, R in prepar-
ationl, Thus; in this Earth-like metearslogical view. the
extence of the tropical jet and the genesis and permanence
aof the GRS all point (consistently) towards the presence of
soune sort of lirrepgular) sublayer on Jupiter. Such a possibality
seems remale but 18 not inconceivable

Suturn, Uranus and Neptune: Similar physical configurations
showdd give all the outer planets simalar meteoralogies and, it
least near equinox, Aongl circulations like Jupiter’s. Oserva-
tioms of  Saturn’s equatornml orgulation reveal some  basic
differences from Jupiter that may be due to scasonal or other
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parametne ditferences (Fig. da). A velocity maximiwm at or
near the eguator, and a smaller relative amplitede o the
extratropical jets, imply that Saturn resembles more un Earth-
like atmosphere with 1% = 8, thin one with 11° = 4. The greater
strength and extent of Satuen’s all-powerful equatoril jer may
be due 1o the wider Hadley cell favoured by a deeper atmos-
phere.

At salstice, the lirge obliquity of Saturn and Neptune could
lead to easterly winds dominating thew summer hemispheres,
if the imternal heat sources do not reduce the seasonal variations.
The extreme obliguity of Uranus and ity lack of internal heat
seurees make the anset of a palar botspot and powerful casterly
winds and eddies mevitable in s summer hemsphere

Conclusions

The element of unity seen in the obove set of §olutions sugpests
that relatively simple principles govern all the known planetary
arculations and that these lnws can be deduced best by evitluat-
ing a scomprehensive atmiospheric model rather than by trying
o reason from indivadual facts of soture. The extent of
planetary wmity can be explored relanvely simply; by looking
for ensterly winds deep in Jupiter’s tropics of in the summer
hemispheres of the other major planets,
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